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Abstract

Purpose It was reported that not only ACL but also the

synovium may be the major regulator of matrix metallo-

proteinases (MMPs) in synovial fluids after ACL injury. In

order to further confirm whether synovium is capable of

regulating the microenvironment in the process of ACL

injury, the complicated microenvironment of joint cavity

after ACL injury was mimicked and the combined effects

of mechanical injury and inflammatory factor [tumour

necrosis factor-a (TNF-a)] on expressions of lysyl oxidases

(LOXs) and MMPs in synovial fibroblasts derived from

normal human synovium were studied.

Methods Human normal knee joint synovial fibroblasts

were stimulated for 1–6 h with mechanical stretch and

inflammatory factor (TNF-a). Total RNA was harvested,

reverse transcribed and assessed by real-time polymerase

chain reaction for the expression of LOXs and MMP-1, 2, 3

messenger RNAs. MMP-2 activity was assayed from the

collected culture media samples using zymography.

Results Compared to control group, our results showed

that 6 % physiological stretch increased MMP-2 and LOXs

(except LOXL-3), decreased MMP-1 and MMP-3; injuri-

ous stretch (12 %) decreased LOXs (except LOXL-2)and

increased MMP-1, 2 and 3; the combination of injurious

stretch and TNF-a decreased LOXs and increased MMP-1,

2 and 3 in synovial fibroblasts in a synergistical manner.

Conclusion This study demonstrated that combination of

mechanical injury and inflammatory factors up-regulated

the expressions of MMPs and down-regulated the expres-

sions of LOXs in synovial fibroblasts, eventually alter the

balance of tissue healing. Thus, synovium may be involved

in regulating the microenvironment of joint cavity. Based

on the mechanism, early interventions to inhibit the pro-

duction of MMPs or promote the production of LOXs in

the synovial fibroblasts should be performed to facilitate

the healing of tissue.

Keywords Synovial fibroblasts � Anterior cruciate

ligament � Matrix metalloproteinases � Lysyl oxidases �
Tumour necrosis factor-a

Introduction

Because of increasing sport activities, injury to the anterior

cruciate ligament (ACL) and medial collateral ligament

(MCL) has risen during the last years. Healing after injury
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is structure specific. It is known that after a complete

rupture, the MCL has a relatively good healing capacity. In

contrast, the adult ACL fails to heal after complete rupture

[3]. Injuries to the ACL predispose the knee to further

degradation that can lead to joint instability, which in turn

can result in secondary osteoarthritis (OA) [23]. Conse-

quently, reconstructive surgery is the preferred choice of

treatment. Unfortunately, revision surgery of reconstructed

ACL is frequently reported because the operative tech-

niques still do not satisfactorily stabilize the ligament [12].

Apart from several experimental factors including

location, blood supply and nutrition, previous studies have

shown that several intrinsic properties such as adhesion,

proliferation, migration and collagen synthesis also may be

important contributing factors to the dissimilar healing

potential of ACL and MCL cells [26, 33, 42]. The different

characteristic mentioned above between ACL and MCL

may explain why the posterior cruciate ligament (PCL)

also has a poor healing ability. During early remodelling

phase of ligament, old ECM molecules are gradually

degraded by proteolytic enzyme and new ECM molecules

undergo aggregation and cross-linking to form fibres [7].

This protein degradation and synthesis in the ligaments is

an intricately modulated process. Regulation of this process

will greatly affect the healing ability of ligaments.

Matrix metalloproteinases (MMPs) are a group of col-

lagen cleaving enzymes that participated in matrix forma-

tion, remodelling and homeostasis. Numerous researchers

demonstrated that the MMPs are involved in the unbal-

anced matrix degradation process that initiates cartilage

degeneration in OA and rheumatoid arthritis (RA) [29].

Lysyl oxidases (LOXs), a copper-dependent amine oxi-

dase, play an important role in the ECM synthesis, by

catalysing lysine-derived cross-links formation of the col-

lagen and elastin [19]. The presence of 0.1 Schiff-base

cross-links per collagen molecule results in twofold to

threefold resistance to human collagenase when compared

with non-cross-linked controls or samples [38].

Previous study reported that poor healing ability of ACL

was associated with MMPs secreted by inflammation cells

such as neutrophil and macrophages which migrated rap-

idly into the ACL stumps after injury [6]. With an equi-

biaxial stretch chamber which could mimic the loading

forces applied to the ACL, previous in vitro studies

reported that the higher level and activity of MMP-2 seen

in mechanically injured ACL fibroblasts than MCL fibro-

blasts may disrupt the delicate balance of ECM remodel-

ling process, which may could be an important reason

responsible for their differential healing ability [22, 48].

Another in vivo model study also proved that injured ACL

releases large amounts of MMP-2 into synovial fluids [36].

Irie et al. [17] found increased amount of TNF-a, IL-1b
and IL-6 in the joint fluid during the acute inflammation

phase after ACL injury. These cytokines are also consid-

ered important chemical mediators in the acute inflamma-

tory phase of wound healing. With the same stretch

chamber, Wang et al. [40] revealed that ACL fibroblasts

are very sensitive to mechanical factor and inflammation

cytokine in terms of releasing of MMP-2. Based on the

results, Xie et al. [45] found that combination of injured

stretch and IL-1b induced lower expressions of LOXs and

higher expressions of other MMPs in ACL fibroblasts than

MCL fibroblasts with the same stretch chamber. The data

further suggest that the imbalance of ECM regulated by

LOXs and MMPs in ACL fibroblasts might be another

intrinsic property of ACL for its poor healing ability.

It is reported that synovial fibroblasts are mechanosen-

sitive [1]. With the equi-biaxial stretch chamber, a previous

in vitro study by Wang et al. [41] revealed that the increase

of MMP-2 expression and activity in synovial fibroblasts

induced by mechanical injury and inflammation cytokines

and suggested that synovial fibroblasts play an important

role in the regulating microenvironment of joint cavity in

the process of ACL injury.

In order to further determine whether synovial fibro-

blasts are capable of regulating microenvironment of joint

cavity, or whether poor healing ability of ACL is associ-

ated with the imbalance of MMPs and LOXs produced by

synovial fibroblasts during remodelling process, we used

an equi-biaxial stretch chamber to study the expressions of

MMPs and LOXs in synovial fibroblasts under mechanical

stretch and inflammatory factors. The findings would pro-

vide help for looking for therapeutic targets to improve

ACL healing. Our hypothesis in this study was that com-

bination of injurious stretch and TNF-a may synergistically

increased the gene expressions of MMPs and decreased

gene expressions of LOXs from human knee joint synovial

fibroblasts.

Materials and methods

Cell culture

Human synovial fibroblasts were harvested from four

donor tissues (age range 30–60, two male and two female

subjects) undergoing limb amputation at First Affiliated

Hospital of Chongqing Medical University, Chongqing,

China. Patient consent was obtained prior to the surgery.

All procedures were followed according to ethical princi-

ples and protocols as approved by Chongqing University

and Chongqing Medical University. None of the patients

had any underlying diseases. The donor ligament tissue

was obtained from patients after surgery. The standard

operating procedure of synovial fibroblasts culturing has

been described by previous study [21].
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Cytokine treatment

For each experiment, cells were trypsinized and seeded at

a density of 5 9 105 cells per 25 cm2 flasks (Corning,

USA). Cells were allowed 48 h to seed and equilibrate.

The culture media was removed and replaced by 2 %

foetal bovine serum (FBS) media for 16 h for starvation.

The media was removed and replaced with fresh 1 % FBS

media containing recombinant human TNF-a (1, 5, 10

and 20 ng/ml) (PeproTech, NJ) and incubated for 3 h.

Reported concentrations of TNF-a in synovial fluid range

from 40 to 250 pg/ml in RA patients. Based on the data,

we choose 5 ng/ml TNF-a for time-course experiments,

and this concentration was used throughout the current

study [28].

Mechanical injury

With equi-biaxial stretch chamber (Country Machines and

Plastics, San Diego, CA, USA) [22], we study the effects of

mechanical stretch on synovial fibroblasts. The operating

procedure has been described by previous study [41, 48].

Quantitative real-time polymerase chain reaction

(qRT-PCR)

Quantitative real-time polymerase chain reaction was used

to compare the levels of steady-state mRNA for several

genes in conditioned and control cultures of human knee

synovial fibroblasts. The BLAST was used to search for all

the primer sequences to ensure gene specificity. Selected

sets of primers are shown in Table 1. This operating pro-

cedure has been described by previous study [45].

Zymography

MMP-2 activity was assayed from the collected culture

media samples using 0.05 % gelatin zymography as

described previously [41].

Statistical analysis

Data are expressed as mean ± SD. Statistical analysis

was performed by one-way analysis of variance

(ANOVA). Post hoc analysis utilized Fisher LSD. In

each analysis, critical significance level was set at

p \ 0.05. The average thermal cycles (Ct) value of genes

in synovial fibroblasts induced by mechanical stretch and

TNF-a is presented in appendix of the supplementary

material.

Results

Effects of physiological stretch on the expression

of mRNA for LOX family and MMP family in normal

human knee synovial fibroblasts

The expressions of the LOXs except LOXL-3 in synovial

fibroblasts were up-regulated after 1–6 h of 6 % physio-

logical stretch compared to the control. Levels of LOX,

LOXL-1 and LOXL-4 mRNA reached a maximum at 3 h

(2.14-, 1.36- and 2.23-fold, respectively). LOXL-2 mRNA

level increases in a time-dependent manner and increases

3.5-fold at 6 h (Fig. 1). However, the expression levels of

MMP-1, 2 and 3 in synovial fibroblasts were down-regu-

lated after a 6 h 6 % physiological loading compared to the

0 % control (Fig. 2).

Effects of TNF-a on the expression of mRNA for LOX

family and MMP family in normal human knee

synovial fibroblasts

To examine TNF-a responsiveness of synovial fibroblasts,

these cells were treated with 0–20 ng/ml of human TNF-a
and RNA analysed by real-time PCR (Fig. 3). Addition of

TNF-a (0–20 ng/ml) led to a decreasing of LOXs expres-

sions. The inhibitory effect of LOX and LOXL-3 by TNF-a
was concentration-dependent. The inhibitory effect reached

Table 1 Primers used in real-

time RT-PCR
Gene Forward primer (50–30) Reverse primer (50–30)

DAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA

LOX GCATACAGGGCAGATGTCAGA TTGGCATCAAGCAGGTCATAG

LOXL-1 TGCCACCAGCATTACCACAG GAGGTTGCCGAAGTCACAGG

LOXL-2 CTGCAAGTTCAATGCCGAGT TCTCCACCAGCACCTCCACTC

LOXL-3 CAACAGGAGGTTTGAACGCTAC GCTGACATGGGTTTCTTGGTAA

LOXL-4 TTCACCCACTACGACCTCCTCA CAGCAGCCTACAGTCACTCCCT

MMP-1 GGCTGAAAGTGACTGGGAAACC TGCTCTTGGCAAATCTGGCGTG

MMP-2 ACCGGGATAAGAAGTATGGATT GTCATCATCGTAGTTGGTTGTG

MMP-3 GACAAAGGATACAACAGGGAC TGAGTGAGTGATAGAGTGGG
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a maximum (0.67-fold) at 5 ng/ml TNF-a for LOXL-1.

The expressions of LOXL-2 and LOXL-4 reached a max-

imum (1.21- and 0.94-fold, respectively) at 5 ng/ml TNF-a
and subsequently declined below the control values in

response to increasing TNF-a concentration (Fig. 3a).

TNF-a at all concentrations (from 1 to 20 ng/ml) sig-

nificantly increased MMP-1, 2 and 3 expressions. The

stimulation effect reached a maximum (3.83- and 2.19-

fold, respectively) at 5 ng/ml TNF-a for MMP-1 and 2. For

MMP-3, there was a concentration-dependent increase with

increasing TNF-a concentration to a maximum (13.8-fold)

(Fig. 3b). An effective dose of 5 ng/ml was chosen for

further experiments.

Treatment of synovial fibroblasts with 5 ng/ml TNF-a
significantly inhibited the expression of LOXs; this inhib-

itory effect decreased to a minimum (1.14- and 1.18-fold,

0.77- and 0.9-fold, respectively) after 3 h for LOX, LOXL-2,

Fig. 1 Effects of physiological and injurious stretch on the expres-

sions of mRNA for LOX family in normal human knee synovial

fibroblasts. a The LOX expression. b The LOXL-1 expression. c The

LOXL-2 expression. d The LOXL-3 expression. e The LOXL-4

expression. Data (mean ± SD, n = 3) were represented as the fold

change in expression compared to control. Statistic analysis was

done by ANOVA. *Significant difference with respect to control

(p \ 0.05)

Fig. 2 Effects of physiological and injurious stretch on the expres-

sions of mRNA for MMP family in normal human knee synovial

fibroblasts. a The MMP-1 expression. b The MMP-2 expression.

c The MMP-3 expression. Data (mean ± SD, n = 3) were repre-

sented as the fold change in expression compared to control. Statistic

analysis was done by ANOVA. *Significant difference with respect to

control (p \ 0.05)
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LOXL-3 and LOXL-4, but only after 2 h for LOXL-1

(0.87-fold) compared with control values (Fig. 4a). Addi-

tion of 5 ng/ml TNF-a, however, increased the expressions

of MMP-1, 2 and 3 (Fig. 4b). This stimulating effect was

significant after 1 h, reaching maximal levels of 4.44- and

2.73-fold increases at 2 h for MMP-1 and 2, maximizing at

8.57-fold after 3 h for MMP-3, and then slowly decreasing.

These results collectively indicate that TNF-a suppressed

the expressions of LOXs but stimulates the expressions of

MMPs at the transcriptional level.

Effects of injurious stretch and TNF-a
on the expression of mRNA for LOX family and MMP

family and MMP-2 activity in normal human knee

synovial fibroblasts

Injurious stretch alone induced a decrease of LOXs mRNA

except LOXL-2 in synovial fibroblasts compared to the

control. Level of LOX and LOXL-3 mRNA peaked at 2 h

(increase 3.03- and 1.88-fold, respectively), all others at

3 h (increase 2.31-fold in LOXL-1; increase 7.75-fold in

LOXL-2; increase 3.54-fold in LOXL-4), then progressively

decreased to a lower level than the control group except for

LOXL-2 (Fig. 1). However, in the presence of TNF-a, the

12 % injurious stretch-induced up-regulation of LOXs at 1, 2

and 3 h was significantly inhibited and decreased further

below control after 6 h (Fig. 5).

Levels of MMP-1, 2 and 3 mRNA increased signifi-

cantly after 12 % injurious stretch alone (Fig. 2). Level of

MMP-1 and 3 mRNA peaked at 3 h (increase 3.15- and

4.21-fold, respectively) and MMP-2 at 2 h (increase 3.48-

fold). In the presence of TNF-a, injurious stretch had an

enhanced effect on inducing MMP-1, 2 and 3 expressions.

Levels of MMP-1 and 2 mRNA reached a maximum at 2 h

(increase 5.37- and 4.65-fold, respectively) and MMP-3 at

3 h (increase 10.67-fold) (Fig. 6).

Gelatin zymography showed that the synovial fibro-

blasts increased the MMP-2 expression and showed

a noticeable stepwise, time-dependent conversion of

72–62 kD MMP-2 from 12 to 48 h in 12 % stretch group

and stretch ? TNF-a group compared to the control. In

addition, the stretch ? TNF-a group significantly enhanced

MMP-2 activity relative to mechanical injury or TNF-a alone

(Fig. 7).

Fig. 3 Effects of TNF-a with different concentrations (0–20 ng/ml)

on the expressions of mRNA for LOX family and MMP family in

normal human knee synovial fibroblasts. a The LOX family

expressions. b The MMP family expressions. Data (mean ± SD,

n = 3) were represented as the fold change in expression compared

to control. Statistic analysis was done by ANOVA. *Significant

difference with respect to control (p \ 0.05)

Fig. 4 Effects of 5 ng/ml TNF-a on the expressions of mRNA for

LOX family and MMP family in normal human knee synovial

fibroblasts. a The LOX family expressions. b The MMP family

expressions. Data (mean ± SD, n = 3) were represented as the fold

change in expression compared to control. Statistic analysis was

done by ANOVA. *Significant difference with respect to control

(p \ 0.05)
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Discussion

The most important finding of the present study was that inju-

rious stretch and TNF-a decreased LOXs and increased MMP-

1, 2 and 3 in synovial fibroblasts in a synergistical manner.

The equi-biaxial stretch chamber has been used in our

laboratory for numerous years, enabling the application of

two-dimensional mechanical strains at 5–15 %, to synovial

fibroblasts [39, 41]. This stretch apparatus also has been

used widely by other laboratories for many years and many

results have been published using this system [15, 16, 21].

Biomechanical studies that quantify strains in ACL and

MCL have shown that these ligaments are subjected to

4–5 % stretch during normal activities and can be strained

to 7.7 % during external application of loads to the knee

joint [48]. Therefore, the 6 % level was used to model

normal physiologic strain in this in vitro model. The 0 %

Fig. 5 Effects of injurious stretch and TNF-a on the expressions

of mRNA for LOX family in normal human knee synovial

fibroblasts. a The LOX expression. b The LOXL-1 expression.

c The LOXL-2 expression. d The LOXL-3 expression. e The

LOXL-4 expression. Data (mean ± SD, n = 3) were represented as

the fold change in expression compared to control. Statistic

analysis was done by ANOVA. *Significant difference with respect

to control (p \ 0.05)

Fig. 6 Effects of injurious stretch and TNF-a on the expressions of

mRNA for MMP family in normal human knee synovial fibroblasts.

a The MMP-1 expression. b The MMP-2 expression. c The MMP-3

expression. Data (mean ± SD, n = 3) were represented as the fold

change in expression compared to control. Statistic analysis was done by

ANOVA. * Significant difference with respect to control (p \ 0.05)

2002 Knee Surg Sports Traumatol Arthrosc (2014) 22:1997–2006

123



strain served as the control baseline group. Based on pre-

vious reports, we considered pathologic strains (traumatic

rupture) to approach 12–19 % [11, 48]. Therefore, the

12 % level was used to model pathologic strain in this

in vitro model. In this system, the seeded synovial fibro-

blasts will attach to the membrane, proliferate and release

ECM components into the surrounding environment in

which the cells interact either with other cells or with other

ECM components. It hence mimics the stretching forces

applied to the synovial tissue in the knee joint.

The increase of LOXs expressions (except LOXL-3) by

6 % physiological stretch may be a part of the synovial

fibroblasts physiological adaptation process. This adapta-

tion allows the synovium to improve the mechanical

strength and withstand the mechanical loads imposed on it

during normal activities of daily living. The observed

inhibitory effects of physiological stimuli on MMPs in

normal synovial fibroblasts are consistent with other

in vitro studies in various types of connective tissues and

cells such as MCL, tendon, menisci, chondrocytes and RA

synovial fibroblasts [2, 34, 47]. The consistency proved

that moderate exercise may be beneficial to maintain

connective tissues homeostasis and treat arthritis.

Contrary to LOXs, the expression levels of MMP-1, 2

and 3 in human normal synovial fibroblasts were down-

regulated after 6 % physiological loading compared to the

0 % control. However, a previous study by Wang et al. [39]

demonstrated that the expression level of MMP-3 was

unchanged in synovial fibroblasts from RA patients after

6 % physiological loading. The discrepancy was attributed

to phenotypical alterations in RA synovial fibroblasts. In

RA synovial fibroblasts, these changes might include

morphology, signalling pathways and apoptosis [27]. In

addition, the study by Breshears et al. [4] demonstrated no

change in MMP-3 expression after 4 % physiological

loading, but these cells were harvested from canine cranial

cruciate ligaments (CCL). In addition, Breshears et al. used

uniaxial cyclic loading, while we used static equi-biaxial

loading. It is also possible that the 4 % loading is no more a

sufficient stimulus for regulating the MMP-3 expression in

CCL cells.

The observation of up-regulation of MMP-1, 2 and 3 in

synovial fibroblasts after 12 % stretch is not consistent with a

previous study by Spindler et al. [32] which described the

lack of expressions of MMP-1 and 2 with an in situ hybrid-

ization technique in a ruptured ACL. A possible explanation

for this confliction is the difference in the sensitivity of the

techniques and cell type used in these two studies.

Inflammation is the initial response to any tissue injury.

Previous studies showed that TNF-a could inhibit ACL

healing through various ways, including inhibition of ACL

fibroblast migration [43], suppression of type I collagen

synthesis [13], stimulation of ACL fibroblast apoptosis [25]

and promotion of MMP-2 expression and activities in ACL

fibroblast and synovial fibroblasts [40, 45]. This study

revealed that TNF-a not only increased the expressions of

MMP-1, 2 and 3 but also decreased the expressions of

LOXs in synovial fibroblasts. These results revealed that

synovial fibroblasts are very sensitive to inflammatory

cytokines in regulating the expressions of MMPs and

LOXs; the pro-inflammatory factors were involved in the

healing process of knee joint tissues. Multiple studies have

described the promotion of TNF-a to expressions of MMPs

in other tissues and cells, which contributes to the devel-

opment of inflammatory disease such as chronic wounds,

RA and asthma. The most successful approaches so far in

the treatment of inflammatory diseases are anti-TNF-a
strategies. The signal transduction pathways activated

when TNF-a binds to their cognate receptors on cells are

potential drug targets. Based on the mechanism, the three

currently biological anti-TNF-a drugs, etanercept, inflix-

imab and adalimumab, have been clearly shown to have

high clinical efficacy [5, 9, 31].

In the real physiological situation, the stretching force

may exert its effect together with other factors to induce

the injurious cascade. We report here that combination of

injurious stretch and TNF-a synergistically increased the

expression of MMP-1, 2 and 3 which are secreted into the

knee joint cavity from synovial fibroblasts compared to

Fig. 7 Effects of injurious stretch and TNF-a on MMP-2 activity in

normal human knee synovial fibroblasts. a Zymographic analysis of

the conditioned media collected from cells treated without (control)

and with injurious stretch (12 %) and TNF-a (5 ng/ml) for different

times 12, 24, 48 and 72 h. The gels shown are representative of three

different experiments. b Quantification of MMP-2 activities showed

time-dependent increases of MMP-2 activities in both 12 % stretch

group and stretch ? TNF-a group. Quantification was done with

Quantity One 4.6.3 software. Besides, the band 62 kDa active form

MMP-2 was calculated as 10 times density of the 72 kDa pro-MMP-2

band as described previously. The data were mean of three different

experiments (mean ± SD, n = 3)
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the control. The increase of MMP-1, 2 and 3 expressions

and activity could activate other members of the family.

For example, MMP-1 can activate latent MMP-2, MMP-2

can activate latent MMP-13 and MMP-3 can activate

MMP-1, 9 and 13 [20]. Thus, the ability of MMPs to

activate each other creates a complex network of proteases

in the synovial fluids. Moreover, as the knee joint cavity is

a relatively isolated fluid-containing space surrounded by

synovial membrane, which facilitates the accumulation of

MMPs in synovial fluids. The high levels of MMPs in synovial

fibroblasts induced by injurious stretch and TNF-a may pro-

vide an explanation of poor self-healing ability of ACL.

However, the stretch stimulations and TNF-a caused a

significant reduction in the mRNA levels for LOXs com-

pared to the stretch groups. This inhibition decreased LOXs

concentrations in synovial fluids and therefore results in

decreased degree of cross-linking, which weaken the

mechanical properties of ECM and thereby increased the

degradation susceptibility of ECM by MMPs, thus

destroyed the balance between the degradative and bio-

synthetic arms of ACL tissue remodelling process. This

result may provide another explanation concerning the

poor healing ability of ACL. Based on these results, we

postulate that synovial fibroblasts are sensitive to

mechanical injury and inflammatory factors and play an

important role in regulating the production of MMPs and

LOXs in joint fluids in the real physiological situation and

must be considered seriously.

Limitations of this study must be considered when

interpreting the results. First, we only examined mRNA

expression. The LOXs and MMPs are tightly regulated

after expression, requiring additional activation and may be

inhibited by other proteins. Examination of protein levels

and enzyme activity should be conducted to confirm the

findings in this study. Second, we present only a correlation

between the increase of a proteinase (MMPs) in synovial

fibroblasts and poor healing ability of ACL. In connective

tissues, such as ligament, the degradation of ECM involves

participation of a variety of other proteinases including

cysteine proteinases, serine proteinases and aspartic pro-

teinases [30]. Besides MMPs, cysteine proteinases (such as

cathepsins) have also gained attention for their ability to

degrade collagen. For example, cathepsin K has been found

in RA synovial fibroblasts, suggesting a role for the

enzyme in RA [14]. Tartrate-resistant acid phosphatase

(TRAP), although not a cysteine protease (but is associated

with many cysteine proteases), has also the ability to

degrade type I collagen and was found in canine liga-

mentous tissue [24]. Based on the results, we postulated

these proteinases also participate in the ACL healing as

important mediators. Third, we did not examine the

expression of tissue inhibitors of metalloproteinases

(TIMPs). This family consists of four protease inhibitors,

which function to block MMP activity at a 1:1 molar ratio

by forming a complex with the activated catalytic zinc in

the MMPs [48]. A previous study by Tchetverikov showed

that patients with ACL injury have a persistent increase

in pro-MMP-1 and 3 in synovial fluid and an increase in

activated MMPs, coincided with a significant decrease in

TIMP-1 [37]. In addition, a previous study by Ishiguro and

Amiel et al. showed that the total catabolic effects of

MMPs in ruptured human and rabbit ACL might be

superior to the inhibition of TIMPs. Anderson et al.

reported that an increase in MMPs activity relative to

TIMP activity was found at sites of cartilage destruction

when compared with normal cartilage [18]. The same sit-

uation may apply in ruptured synovium in humans. Fourth,

the model system in this study utilizes monolayer culture

with injurious stretching, and TNF-a only partially mim-

icked the real forces and cytokines applied to synovium

after ACL injury, and not fully represents the in vivo sit-

uation. Inside the knee joint fluid surrounding the injured

ACL, MMPs and LOXs may come from other sources

other than synovium and ACL. For instance, they may also

come from PCL fibroblast, chondrocyte or meniscal cells.

It is well known that in the knee joint fluids the levels of

TNF-a, IL-1b and TGF-b are all elevated [17]. These

factors may further modulate the levels of MMPs and

LOXs from other sources. In addition, the microenviron-

ment of the wound is devoid of oxygen shortly after tissue

injury because of the vascular disruption and the high

oxygen consumption caused by high immune cell density

and cell activity in granulation tissue [35]. Previous study

has indicated that hypoxia increased the MMP-2 release as

well as its conversion to active form and suggested that it is

another major component that contributes to the micro-

environment [40]. It is possible that the hypoxia, as a

microenvironment factor, may also affect the levels of

other MMPs and LOXs in synovial fibroblasts.

This study is significant in that we provided evidence

suggesting a possible therapeutic strategy for suppressing

MMPs production and promoting LOXs production in

synovial fibroblasts after ACL injury. Researches indicated

that the AP-1, JNK and NF-kB pathways can significantly

affect MMPs expression [44, 46]. This may help develop

the MMP inhibitors to block the MMP production in joint

fluids after knee injury. Besides, a number of MMPs

molecule inhibitors (MMPi) have been designed including

cipemastat, rebimastat, doxycycline, ilomastat, tetracy-

clines and bisphosphonates [10]. Previous studies have

shown that transforming growth factor-b (TGF-b) could

promote cell proliferation, as well as synthesis of small

proteoglycan and collagen [8]. On the basis of these stud-

ies, we speculated that TGF-b may be a good candidate for

stimulating LOXs expression in synovial fibroblasts. This

work will be performed in the future.
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Conclusion

In summary, the present in vitro study demonstrated that

synovial fibroblasts are sensitive to mechanical injury and

inflammatory factors, and may be involved in regulating

the microenvironment of joint cavity. The results showed

that the mechanical injury and inflammatory factors col-

lectively decreased LOXs expressions and increased MMP-

1, 2 and 3 expressions in synovial fibroblasts, which are

always injured accompanied by the injury of ACL. The

differential effects of microenvironmental factors on LOXs

and MMPs expressions in injured synovial fibroblasts

would lead to the accumulation of MMPs in the synovial

fluids, eventually alter the balance of tissue healing. Thus,

early interventions to inhibit the production of MMPs or

promote the production of LOXs in the synovial fibroblasts

should be performed to facilitate the healing of ACL.
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